INTRODUCTION
A diverse range of neurological disorders affecting the central nervous system (CNS) have been considered as targets for stem cell therapies. These range from acute ischaemic insults to chronic neurodegenerative disorders, such as Parkinson's disease (PD), Huntington's disease (HD) and multiple sclerosis (MS). Critically, each disorder requires the development of different cell phenotypes from grafted cells, for example midbrain dopaminergic neurons for PD, medium spiney gamma aminobutyric acid (GABA)-ergic projection neurons for HD, diverse motor neuron classes for motor neuron disease and oligodendrocytes for MS (Bjorklund & Lindvall 2000; Zhang 2003; Lindvall et al. 2004; Chandran & Compston 2005) . The ability of a neural stem cell population to be directed to differentiate towards different neuronal pathways requires a certain level of developmental plasticity.
In vivo, the specification of diverse neural and glial subtypes occurs within a longitudinal programme of nervous system development. The developmental processes involved are reviewed extensively elsewhere ( Jessell 2000; Wilson & Edlund 2001; Rallu et al. 2002a; Zaki et al. 2003) , but for the purposes of this review, these involve progressive changes in the developmental potential of cells (figure 1). Briefly, in response to neural-inducing signals, pluripotent primitive ectoderm differentiates through a multipotent stage of neural competence, to form neuroectoderm that comprises pseudostratified epithelial cells committed to the neural lineage. Early neural progenitor cells (NPCs) proliferate and are highly neurogenic but not gliogenic. The decision to retain a progenitor cell phenotype or commit to cell cycle exit and neural differentiation is temporally regulated and partly controlled by opposing activities of negative and positive transcriptional regulators of differentiation (SoxB1 (Sox1/2/3) and SoxB2 (Sox14/21), and Hes and proneural bHLH genes) in large part determined by Notch signalling (Bylund et al. 2003; Sandberg et al. 2005; Yoon & Gaiano 2005) . Regulation of neural differentiation per se does not, however, generate neural diversity. The extensive neural diversity within the nervous system and the spatial organization of different neural subtypes are established initially by a process of neural patterning. The patterning process is mediated by a combination of morphogen (e.g. HH, WNT, BMP, FGF) and cell contact (e.g. Notch/delta, integrin)-mediated signalling that confers upon progenitor cells distinct rostrocaudal and dorsoventral positional identities (Briscoe & Novitch 2007) by regulating the expression of specific profiles of transcription factor genes. A key aspect to the patterning process is its temporal regulation. At early developmental stages, the neuroectoderm is multipotent, with cells from different positions being similarly responsive to different patterning cues. However, once progenitor domains have been established, inhibitory, or repressive, mechanisms appear to alter or limit the responses of cells to a given patterning cue. Mechanisms that limit the temporal responsiveness to growth factors and morphogens with respect to regulating the expression of fate-determining genes would be vital to prevent unwanted secondary patterning of cells as the context of growth factor and morphogen exposure changes with time, for example as cells patterned within one progenitor domain migrate through another. Additionally, placing a temporal limit on the patterning functions of growth factors and morphogens allows their signalling pathways to be reused for different purposes as development proceeds, for example the regulation of progenitor pool cell number and brain growth (Wechsler-Reya & Scott 1999; Agarwala et al. 2001; Lai et al. 2003; Tannahill et al. 2005) .
It has been established for some time that gliogenesis and the differentiation of astrocytes and oligodendrocytes are under further temporal control and follow the period of spatial fate specification and neurogenesis (Temple 2001) . Oligodendrocyte precursors (OPCs) are specified sequentially to motor neuron precursors in the ventrally restricted pMN domain of the neural tube, under the regulation of sonic hedgehog (SHH; Rowitch 2004; Wu et al. 2006) . In contrast, astrocyte differentiation occurs throughout the CNS in an apparently position-independent manner. Despite the widespread origin of astrocytes, there is evidence for regional non-equivalence in their functions that could reflect positional programming (Castelo-Branco et al. 2005) , and recent work has identified a regionally restricted transcriptional programme necessary for astrocyte development in the ventral spinal cord (Muroyama et al. 2005) .
At present, the mechanisms that regulate a cell's temporal responsiveness to patterning cues and differentiation are poorly understood; however, it is evident that it involves the integration of both intrinsic and extrinsic mechanisms (Edlund & Jessell 1999; Lillien & Raphael 2000; Muhr et al. 2001; Shirasaki & Pfaff 2002) . In particular, cell-intrinsic mechanisms are vital to determine a state of competence that is required for a cell to respond to extrinsic patterning and differentiation cues (Edlund & Jessell 1999; Corbin et al. 2000; Kobayashi et al. 2002; Rallu et al. 2002a,b) . Furthermore, intrinsic mechanisms involving epigenetic programming control the heritability of induced phenotypes over subsequent cell generations (Fisher 2002; Li 2002; Arney & Fisher 2004) . Epigenetic programming encompasses covalent modifications to DNA and chromatin that are heritable with cell division, and act to determine the accessibility, and therefore the potential, of genes to be transcribed. Epigenetic control of chromatin regulates both gene activation and silencing. Here, we briefly introduce major epigenetic mechanisms involved and discuss their roles in regulating neural lineage progression.
EPIGENETIC MECHANISMS OF GENE REGULATION AND CHROMATIN STRUCTURE
Study of gene regulation through epigenetic control is one of the most rapidly increasing areas of research and is the subject of a number of excellent reviews (Li 2002; Jaenisch & Bird 2003; Stillman & Stewart 2004; Fuks 2005) . Gene expression is not only dependent on the presence of the appropriate transcription factors that interact with enhancer or promoter elements in a celltype or tissue-specific manner, but also dependent on the availability of binding sites regulated by higher orders of chromatin structure.
Chromatin is described as either heterochromatic or euchromatic. Compared with euchromatin, heterochromatin is characterized as being highly condensed, inaccessible to DNA nucleases, late-replicating and transcriptionally silent. Within euchromatic domains, the degree of condensation or DNA accessibility varies depending on gene activity; thus genes with potential for expression are often referred to as being in a 'poised' chromatin state (figure 2).
(a) Histone modification and a histone code for epigenetic states Chromatin structure is founded on the nucleosome, i.e. 146 base pairs of DNA wrapped around an octamer of core histones, comprising an H3 : H4 tetramer and two H2A : H2B dimers with linker histones (H1) binding the DNA present between the nucleosomes. In recent years, it has become evident that the functions of histones extend far beyond that of providing a structural scaffold for chromatin assembly, but rather they play vital roles in many aspects of gene regulation (Fischle et al. 2003) . Local chromatin structure and, consequently, the potential for gene expression are directly regulated by a number of post-translational covalent modifications of histone amino-terminal tails, including acetylation, methylation, phosphorylation, ADP-ribosylation, sumoylation and ubiquitinylation. . Developmental potential of neural progenitor cells is temporally regulated. Early-stage embryonic and ES cell-derived neural progenitor cells proliferate in response to FGF2. They are neurogenic and responsive to morphogen patterning cues to generate a diversity of neural subtypes. Later-stage neural progenitors that are EGF responsive are non-responsive to patterning cues and undergo a switch from neurogenic to gliogenic differentiation.
The diversity of modifications and their potential combinatorial complexity led to the concept of a 'histone code' that determines chromatin structure (Strahl & Allis 2000; Turner 2000) . Histone acetylation and methylation are the best-studied modifications. Histone acetylation modifies chromatin structure directly by effecting a change in electrostatic charge. In contrast, methyl groups added to lysine or arginine residues of histone tails act as binding sites for non-DNA-binding chromatin proteins. Typically, poised or open chromatin and gene expression are associated with histone acetylation and monomethylation of lysine K4 on histone H3, and closed chromatin and gene repression with histone deacetylation and trimethylation of K4 and K9.
This concept of the histone code is now well established; however, the potential modifications, their consequences for chromatin remodelling and gene regulation, and the dynamics of the mechanisms involved are becoming increasingly complex; for example, there are 17 known sites of lysine methylation and 7 known sites of arginine methylation on histones H3 and H4, which, in all combinations, would potentially give 3!10 11 distinct methylation states of histone proteins (Fischle et al. 2003; Bannister & Kouzarides 2005) .
Histone-modifying enzymes function by recruitment to their targets as part of chromatin-remodelling complexes. The complexity of histone modification is also evident by the large number of identified enzymes that catalyse reactions. Enzymes with histone acetyltransferase (HAT) activity include the MYST, GNAT, p300/CBP classes, as well as basal transcription factors and nuclear receptor cofactors (Roth et al. 2001; Carrozza et al. 2003) . There are four classes of histone deacetylases (HDACs): class I (HDACs 1-3 and 8); class II (HDACs 4-7, 9 and 10); class III (SIRT 1-7); and class IV (HDAC 11) (Thiagalingam et al. 2003; Yang & Gregoire 2005) . In humans and mice, 14 histone methyltransferases with differing lysine and arginine target specificities have been characterized (Bannister & Kouzarides 2005) , and most recently, the first histone demethylases have been identified (Shi et al. 2004; Metzger et al. 2005; Shi et al. 2005; Tsukada et al. 2005) .
Clearly, resolving the usage and potential complexity of the histone code presents a major challenge. Despite the identification of the large number of enzymes involved in histone modification, the relative roles of each enzyme, specifically, in neural development are very poorly understood. Comparison of mRNA levels for HDACs 1-10 in proliferating and differentiating cultured neuroblastoma cells identified steady levels of class I HDACs 1-3 and an upregulation of the class II HDACs 5-7 and 9, while HDACs 4, 8 and 10 were not expressed (Ajamian et al. 2003) ; however, there is currently little information concerning the spatial or temporal regulation of the histone-modifying enzymes during CNS development.
(b) DNA methylation DNA methylation undoubtedly has a major role to play in gene silencing and thereby restricting the developmental potential of neural progenitor cells. Although, at present, the methylation status of the majority of genes expressed or repressed in different neural progenitor states is largely unknown, it is clear that regulation of DNA methylation is a dynamic process and that genes involved in its regulation are widely expressed during neural lineage development. Genomic methylation at CpG dinucleotides is essential for development and is catalysed by DNA methyltransferases (DNMTS; Li et al. 1992; Li 2002; Goll & Bestor 2004) . DNMT1 is primarily a maintenance methyltransferase that uses hemi-methylated DNA as a template and copies the methylation pattern from the parental to daughter DNA strands during replication. De novo methylation, to establish new methylation patterns, is primarily catalysed by DNMT3a and DNMT3b (Robertson & Wolffe 2000; Goll & Bestor 2004) . Dnmt1 is ubiquitously expressed, whereas Dnmt3a and Dnmt3b show a greater degree of differential regulation during CNS development that reflects their roles in de novo methylation. Dnmt3b may be more important for de novo methylation in the early phase of neurogenesis, since its expression is limited to a period of early foetal development (E10-14) in cells dispersed across the ventricular zone of the CNS. This would coincide with the major period of neurogenesis and after the period of fate specification by neural patterning. In contrast, Dnmt3a expression continues for longer and persists postnatally in postmitotic neurons, suggesting a role for de novo methylation and gene silencing during neuronal maturation (Feng et al. 2005) . The importance of the maintenance activity of Dnmt1 in neural development has been shown in mice using the cre/lox system to conditionally delete Dnmt1 in the neural lineage. Surprisingly, hypomethylated NPCs made by Dnmt1 deletion using a nestin-Cre transgene did not have a major effect on neurogenesis itself; however, hypomethylated neurons that formed were functionally impaired and showed poor postnatal survival. Neonates with high numbers (95%) of hypomethylated neurons died at birth due to a failure to start respiration. Mosaic animals with approximately 30% hypomethylated neurons were able to survive, and in these animals, the hypomethylated neurons were selectively eliminated from the brain in the first few weeks after birth . The mechanisms by which methyltransferases identify target sequences are currently being elucidated. The maintenance methylation activity of DNMT1 is coupled to DNA replication by its interaction with proliferating cell nuclear antigen at the replication fork (Sarraf & Stancheva 2004) . For de novo methylation and methylation in non-proliferating cells, DNMTs are recruited to DNA by interaction with chromatinremodelling complexes, and specificity is conferred by interaction with sequence-specific DNA-binding proteins. Major characterized interactions are with ATP-dependent remodelling complexes and, importantly, chromatin repression by DNA methylation is mechanistically very closely coupled to repression by histone deacetylation and histone methylation (Robertson 2002; Fuks et al. 2003a,b) .
Methylation of CpG dinucleotides can have direct effects on gene expression, as the presence of methyl groups in the major groove of the double helix of DNA affects its structure and can directly interfere with the DNA binding of transcription factors (Takizawa et al. 2001) . More pervasive effects of DNA methylation are mediated by methyl-CpG-binding proteins, such as MECP2, MBD1, MBD2 and KAISO. MECP2, MBD1 and MBD2 are members of a family of transcriptional repressors; each possesses a conserved methyl-CpG-binding domain (MBD; Hendrich & Tweedie 2003) , and KAISO is a Bric-a-brac Tramtrack Broad (BTB) domain protein that binds to the methylated sequence mCGmCG or the non-methylated sequence CTGCNA to modulate transcription (Daniel et al. 2002) . For MECP2, methylationdependent repression of transcription can occur by interacting with the basal transcription machinery, for example by interaction of its transcription repressor domain with TFIIB (Kaludov & Wolffe 2000) ; however, more robust repression of methylated DNA is mediated by modifying chromatin structure. MECP2, MBD1 and MBD2 are all components of chromatin-remodelling complexes that provide mechanisms for crosstalk between repression by DNA methylation and histone modification ( Jones et al. 1998; Nan et al. 1998; Feng & Zhang 2001; Burgers et al. 2002; Fuks et al. 2003b; Sarraf & Stancheva 2004) . Despite the severe post-implantation failure of methyltransferase-deficient embryos defective in global DNA methylation, phenotypes associated with loss of methyl-CpG-binding proteins are comparatively mild. Loss of Mecp2 is most critical, which when mutated is responsible for the mental retardation disorder Rett's syndrome, and has been extensively reviewed (Ballestar & Wolffe 2001; Hendrich & Tweedie 2003; Caballero & Hendrich 2005; Fan & Hutnick 2005) . In the mouse models of Rett's syndrome, loss of Mecp2 has no major effect on development. Instead, null mice develop apparently normally until five to six weeks of age, after which the severe neurological symptoms begin to emerge. Mutation of a transcriptional repressor was expected to result in widespread dysregulation of gene expression; however, extensive microarray gene expression analyses revealed only subtle changes in overall gene expression (Tudor et al. 2002) . Nevertheless, one consequence of Mecp2 mutation was identified to be partial dysregulation of neuronal activity-dependent brain-derived neurotrophic factor (BDNF; Chen et al. 2003) , and ectopic expression of BDNF, independent of Mecp2 regulation, can partially rescue the phenotypes seen in Mecp2 null mice (Chang et al. 2006) .
Targeted mutations of Mbd1, Mbd2 and Kaiso exhibit surprisingly milder phenotypes. Mbd1 mutant mice appear healthy throughout life; however, closer examination found that they had decreased adult neurogenesis and that neural stem cells exhibited reduced neuronal differentiation and increased genomic instability (Zhao et al. 2003) . Mbd2 mutant mice also developed normally, but were found to have a neurological phenotype that affected maternal nurturing behaviour (Hendrich et al. 2001) , and no developmental defects in mice have been reported for Kaiso (Prokhortchouk et al. 2006) . Although the mild phenotypes of mice mutant for Mbd1, Mbd2 and Kaiso might be expected to be due to genetic redundancy, this does not appear to be the case and this discrepancy remains unresolved. Evidence for extensive functional redundancy has not been supported by biochemical evidence, and further examination of the DNA-binding specificities of methyl-CpG-binding proteins suggests that different MBDs recognize methyl CpG in different DNA contexts (Klose et al. 2005) .
NEURAL PATTERNING AND INHERITANCE OF PROGENITOR CELL FATES: A ROLE FOR GROUCHO FAMILY CO-REPRESSORS
The expression patterns of fate-determining transcription factors are restricted to progenitor domains and are maintained within tight boundaries. In the spinal cord, homeodomain transcription factors (TCFs) can be classified as either class I or class II depending on their regulation by SHH signalling, where SHH either represses or activates their expression, respectively. A major discovery of Briscoe and colleagues (Briscoe et al. 2000; Briscoe & Novitch 2007) was that class I and II genes function as cross-regulatory pairs, and that domains of expression are established by mutual crossrepressive interactions between the class I and the class II factors (figure 3a). The class I and II proteins include members of the NKX, PAX, IRX and DBX families. Clues to their mechanisms of action came from recognizing that eight out of ten known homeodomain TCFs involved in dorsoventral patterning possess conserved transcriptional repressor domains with homology to eh-1, the repressor domain of the TCF engrailed (Muhr et al. 2001 ). In the case of the class II NKX proteins, the eh-1 homology resides within the conserved NK decapeptide or TN domain. In Drosophila, the eh-1 domain mediates its repressive effects by interaction and recruitment of the co-repressor Groucho ( Jimenez et al. 1997 ). Muhr and colleagues showed that patterning and fate specification by Nkx genes were dependent on recruitment of Groucho family co-repressors by interaction with their TN domains (figure 3b; Muhr et al. 2001) . The mammalian homologues of Groucho are the transducin-like Enhancer of split (TLE1-4) proteins in humans and mice. TLE co-repressors do not themselves bind DNA, but are recruited to their target loci by interaction with repressor domains of DNA-binding transcription factors, including the eh-1 domain (Chen & Courey 2000; Gasperowicz & Otto 2005) .
It is unlikely that the mechanism of defining regional identity by cross-repression of fate-determining TCFs is restricted to dorsoventral patterning of the neural tube; for example, Six3 and Irx3 have been identified to mutually repress each others' expression and are the key determinants of rostrocaudal identity, contributing to the definition of forebrain and midbrain territories (Kobayashi et al. 2002) . Furthermore, it has been shown that SIX3 functions as a TLE-dependent repressor in forebrain and eye development (Kobayashi et al. 2001; Zhu et al. 2002) .
The regulation and mode of action of TLE co-repressors is only partly understood. A major activity involves chromatin remodelling by HDAC recruitment; however, TLEs are subject to a variety of post-translational modification, including phosphorylation, ADP-ribosylation and ubiquitinylation, and their actions will be context dependent. Several roles for TLEs in dynamic control of gene expression have been characterized (Chen & Courey 2000; Gasperowicz & Otto 2005) . In the case of neural patterning, while TLEs play a role in establishing crossrepressive domains, it is not yet clear whether TLEs also play a role in the long-term maintenance of gene repression, acting beyond their initial interaction with remodelling complexes. One property of TLE proteins of interest is their potential capacity for long-range gene silencing by oligomerization through interaction between their Q domains, and thereby their potential to extend complex formation in cis along the chromosome (Chen & Courey 2000; . Commonly, stable heritability of a differentiated state uses two major mechanisms, DNA methylation and higher-order chromatin assembly that is in part dependent on histone methylation. Understanding how positional information is retained in the neural tube and how this may relate to TLE function will require further analysis of the chromatin states, or configurations, of fate-determining genes over developmental time.
CO-REPRESSOR REGULATION AND EPIGENETIC CONTROL OF NEUROGENESIS
The decision made by progenitor cells to exit proliferation and commit to neural differentiation is regulated at many levels (Ohnuma & Harris 2003; Gotz & Huttner 2005) . Of particular importance is the role played by Notch signalling (Louvi & Artavanis-Tsakonas 2006; Yoon & Gaiano 2005) . Effectors of Notch signalling help to maintain cells in a proliferative progenitor state, for example the transcription repressor HES1 actively inhibits the expression of neurogenic bHLH genes, such as Ascl1 (Cau et al. 2000; Kageyama et al. 2005) . HES1 like other repressors acts in concert with co-repressor complexes. Vital to HES1 function is its interaction with the co-repressor TLE1 (Nuthall et al. 2002; Nuthall et al. 2004 that is made when neural progenitors commit to neural differentiation. In proliferating progenitor cells, a HES1/TLE1 complex represses Ascl1 by SIN3a and HDAC recruitment. The repression complex includes poly(ADP-ribose) polymerase 1 (PARP-1), and derepression of Ascl1 involves a regulated dismissal of the TLE co-repressor complex by its ADP-ribosylation. PARP-1 acts as a sensor of extrinsic platelet-derived growth factor (PDGF) signalling, being activated by increased Ca 2C and CaMKIId phosphorylation. After the TLE1 dismissal, PARP-1 modifies HES1 that remains bound to the promoter and switches its activity from repressor to activator, allowing subsequent recruitment of histone acetylase to modify chromatin ready for transcription ( Ju et al. 2004) .
The neurogenic competence of progenitor cells is also regulated by the activity of the nuclear receptor co-repressor N-CoR. N-CoR acts as a co-repressor for a number of transcription factors including RBPSUH, the mammalian homologue of Drosophila Suppressor of Hairless [Su(H)], a further downstream effector of Notch signalling (Kao et al. 1998) . Like other non-DNA-binding co-repressors, N-CoR participates in a number of HDAC-containing repressor complexes , and it could therefore function in early-stage neurogenic progenitors to repress later-stage gliogenic gene expression. Indeed, in the absence of N-CoR, foetal cortical progenitors failed to undergo FGF-dependent self-renewal in vitro and spontaneously differentiated into astrocytes (Hermanson et al. 2002) . Further analysis showed that in wild-type cells, the nuclear localization and therefore the activity of N-CoR are determined by their phosphorylation status. Protein phosphatase-1 activity confers nuclear localization of N-CoR, whereas ciliary neurotrophic factor (CNTF) signalling that triggers glial differentiation leads to phosphatidyl-inositol-3-OH kinase/Akt1 kinase-dependent phosphorylation of N-CoR and its relocation to the cytoplasm (Hermanson et al. 2002) .
While neurogenic programmes promote neural differentiation and the expression of neural genes, in non-neuronal cells, the expression of neuron-specific genes is actively maintained in transcriptionally repressed states by the actions of another repressor complex orchestrated by REST. REST is a zinc-finger DNA-binding protein with two repressor domains that is expressed in non-neuronal cells, including neural progenitor cells, and represses genes that contain a conserved 23 bp repressor element, RE1. The aminoterminal repressor domain recruits the SIN3/HDAC complex and the carboxy-terminal domain interacts with CoREST, a co-repressor that mediates more longterm gene silencing by recruitment of HDACs, histone H3-lysine-9 histone methyltransferases and the histone H3-lysine-4 demethylase LSD1. The CoREST complex is also found to interact with MECP2 and the heterochromatin protein HP1 . Although RESToccupies RE1 silencer elements in both non-neuronal cells and neural progenitors, recent studies have found that its mode of action is distinct. In non-neuronal cells, the repressive activities of REST confer closed and compact chromatin configurations on neural genes; in contrast, in ES cells and neural progenitor cells, REST mediates gene repression, but the chromatin of the neuralspecific gene is maintained in an open or poised chromatin state; thus upon neural differentiation of progenitor cells neural-specific genes are already poised for expression and gene activation does not require a more complex process of reprogramming .
TEMPORAL REGULATION OF GLIOGENESIS: INTERACTION OF EXTRINSIC AND EPIGENETIC MECHANISMS ESTABLISHES COMPETENCE FOR GLIAL-SPECIFIC GENE EXPRESSION
Following neural patterning and the generation of neurons with regionally specified identities, a subsequent major change in developmental plasticity of neural progenitor cells is the so-called gliogenic switch. It is well established that neurogenesis precedes gliogenesis (Qian et al. 2000) . As with earlier stages of neural lineage progression, the differentiation of multipotent neural progenitors is determined by their underlying competence for glial gene expression. Extrinsic mechanisms that regulate gliogenesis are partially understood (Rajan & McKay 1998) . Two pathways that have been studied in detail are those activated by interleukin-6 (IL-6) family of neurotrophic cytokines (including leukaemia inhibitory factor (LIF), CNTF and cardiotrophin-1 (CT-1)) and bone morphogenic protein (BMP) signalling that act synergistically to promote glial differentiation (Bonni et al. 1997; Rajan & McKay 1998; Nakashima et al. 1999; Sun et al. 2001; Barnabe-Heider et al. 2005) . Cytokines including CNTF, LIF and CT-1 activate gp130 and the JAK-STAT pathway after binding the LIF receptor (Stahl & Yancopoulos 1994) , and BMPs signal to regulate nuclear translocation of SMAD transcriptional co-activator proteins (Massague 2000) . The importance of cell competence for gliogenesis was recognized following observations that while late-stage NPCs differentiated into glia after CNTF addition, early-stage NPCs failed to respond, despite the fact that early NPCs expressed gp130 and the LIF receptors, and were able to activate the JAK-STAT pathway by STAT1/3 phosphorylation (Bonni et al. 1997; Nakashima et al. 1999; Takizawa et al. 2001) . This suggested that intrinsic mechanisms acting in early-stage NPCs act to inhibit the gliogenic pathway. Further analyses have now shown that signalling by the activated JAK-STAT and SMAD pathways is in fact-regulated at multiple levels (figure 4). Activation of glial gene expression by STAT1/3 involves association with the transcriptional co-activators CBP/p300 and SMAD1, and once initiated, a positive autoregulatory loop acts, whereby STAT1/3 directly upregulates further components of the JAK-STAT pathway to strengthen STAT signalling and trigger astrogliogenesis . In earlystage NPCs, the association between STAT1/3 and CBP/p300 is suppressed by high levels of the neurogenic basic helix-loop-helix transcription factor neurogenin1, which also associates with CBP/p300 and SMAD1 and thereby sequesters CBP-SMAD1 away from glial-specific genes and inhibits STAT1/3-mediated gene transcription (figure 4a; Sun et al. 2001) .
Significant insight into mechanisms of gliogenesis has come from studying regulation of glial fibrillarassociated protein (Gfap) gene expression as a marker of the glial lineage (figure 4b). Consistent with the role of STAT signalling in gliogenesis, Gfap promoter activity is dependent on upstream STAT-binding sites, with one site at K1518 to K1510 being critical (Bonni et al. 1997; Nakashima et al. 1999) . To address the questions of astroglial competence and cell-typespecific and temporal regulation of Gfap expression, Taga and colleagues have performed extensive analyses of the DNA methylation status of the Gfap promoter (Takizawa et al. 2001) . In early-stage NPCs and neuronal and non-neural lineage cells, the Gfap promoter region is hypermethylated compared with the pattern seen in astrocytes and late-stage astroglial competent NPCs. Although hypermethylation is indicative of a more closed or repressed chromatin state, Taga and colleagues recognized that the STATbinding site at position K1518 to K1510 (TTCCGAGAA) contained a CpG dinucleotide and that methylation of this specific site was sufficient to block STAT-dependent expression of Gfap. In a second more recent study, Fan and colleagues have further examined the effect of DNA methylation on gliogenesis by studying mice with DNMT1 conditionally deleted from the neural lineage, and found that neural development in the absence of DNMT1 leads to precocious astroglial differentiation . The importance of this work has been to show a direct role for epigenetic programming in neural lineage fate restriction and, in particular, to provide a cell intrinsic mechanism that accounts for the competence of cells to respond to a specific extrinsic signal, in this case CNTF signalling and STAT activation.
Although it is clear that the DNA methylation status determines competence for Gfap expression, it is less clear what first determines the methylation status. The Gfap promoter is hypermethylated at all developmental stages and in all lineages, besides the late-stage NPCs and their astrocyte progeny. Therefore, one of the primary events in determining competence for Gfap expression (and by extrapolation gliogenesis) must be temporal and cell-type-specific demethylation. At present, mechanisms for demethylation are poorly characterized; since no demethylase enzyme has been unambiguously identified, the most accepted method for demethylation is the passive loss of CpG methylation that occurs following successive rounds of DNA replication in the absence of maintenance methylase activity, catalysed by DNMT1 (Bestor 2000) . Alternatively, gliogenic cues could signal an active demethylation of target loci, for example by mechanisms that promote 5-methylcytosine deamination to create a T-G mismatch, which when converted back to a matched C-G base pair by DNA repair enzymes effectively results in demethylation (Morgan et al. 2004) . Whether demethylation of the Gfap promoter is passive or active is unknown. In either case, chromatin-remodelling events in the glial lineage that control access of DNMT1 (or other enzymes) to glial-specific genes such as Gfap would lead to demethylation and allow their activation by extrinsic signals.
Extrinsic factors that affect glial competence of progenitor cells, particularly in in vitro studies, are fibroblast growth factor (FGF) and epidermal growth factor (EGF) signalling. Developmental and culture studies have shown that early foetal neural progenitors are initially responsive to FGF2 and that this signal primes cells to later become responsive to EGF (Tropepe et al. 1999; Lillien & Raphael 2000; Qian et al. 2000; Ciccolini 2001 ). For routine culture, neural progenitors (or 'neurospheres') are usually maintained using a combination of FGF2 and EGF. A recent study by Song & Ghosh (2004) has shown that FGF2 signalling is also directly responsible for the acquired competence of neural progenitors to respond to CNTF to promote astrocyte differentiation by regulating the histone methylation status of gliaspecific promoters. Chromatin immunoprecipitation analyses showed that glial competence of cortical progenitor cultures was associated with increased H3-K4 methylation and suppression of H3-K9 methylation of chromatin at the STAT-binding site of the Gfap and S100b promoters. The inference is that FGF2 directly or indirectly regulates histone methyltransferase activities. Taken together, regulation of the gliogenic switch involves the interaction or coupling of both extrinsic and intrinsic mechanisms. Extrinsic signals can be divided into two types: the first controls the progenitor cell state to establish competence for differentiation (e.g. Notch/FGF/EGF) and the second activates differentiation pathways themselves (e.g. CT/CNTF/BMP).
DEVELOPMENTAL PLASTICITY OF NEURAL PRECURSOR CELL CULTURES
Landmark studies by Reynolds and Weiss, and Bartlett and colleagues in the early 1990s identified culture conditions to grow neural progenitor cells from foetal and adult germinal regions of the brain (Murphy et al. 1990; , 1996 . Cultured neural stem cells were shown to be multipotent, with the ability to clonally generate neurons, astrocytes and oligodendrocytes, and today the clonal generation of neurospheres (the unit of neural stem cell colony formation) remains the predominant in vitro assay for studying neural stem cells and neurogenesis (Reynolds & Rietze 2005) . Although neurosphere cultures are multipotent, neurons that differentiate become restricted in their developmental potential and the efficiency of neuronal differentiation tends to decline with passage. A consistent finding is that neurons derived from passaged neurosphere cultures, derived from different brain regions and species, tend to differentiate towards a GABAergic neurotransmitter phenotype ( Jain et al. 2003) . A major concern, and area of some controversy, is the degree to which neurosphere cultures retain their starting positional identity. Some reports claim that regional specification of progenitors is maintained in culture and that intrinsic differences persist even in late passages (Hitoshi et al. 2002; Seaberg et al. 2005) , while other studies suggest that in vitro culture leads to a significant relaxation of lineage restriction with major changes in gene expression. For example, neurospheres derived from foetal dorsal and ventral telencephalon have been shown to rapidly lose their original identity as examined by the expression of dorsal and ventral markers, respectively (Santa-Olalla et al. 2003; Hack et al. 2004; Machon et al. 2005) . These studies suggest that maintenance of positional identity requires ongoing interaction with environmental cues that otherwise become disrupted in culture. Machon and colleagues found that within three passages, gene expression regulated by canonical wingless (WNT) signalling, in dorsal cultures, is downregulated and that dorsal character could be partially rescued by dominant activation of the WNT pathway (Machon et al. 2005) , albeit only up to about passage 8.
The neurodevelopmental plasticity of neurosphere cultures is a significant issue for their potential downstream uses, for example for transplantation ( Jain et al. 2003; Zietlow et al. 2005) . To date, no studies have reported successful manipulation of neurosphere cultures to specify and differentiate progenitor cells with a desired neuronal phenotype. The failure to systematically manipulate the fate of neurosphere cultures (e.g. by instruction using patterning cues) suggests that the cells in culture are fate-restricted and refractory to patterning. In addition to changes in neurosphere properties over the initial few passages, cell potential continues to change upon prolonged culture. When assayed by intrastriatal transplantation, four-week expanded human and mouse cells show good graft survival at 12 weeks following transplantation; however, 12-week expanded cells fail to survive after transplantation (Zietlow et al. 2005) .
Problems associated with attempts to manipulate foetal and adult neural stem cell fates contrast significantly with studies using embryonic stem cellderived neural progenitor cells (ES-NPCs). Neural differentiation of both mouse and human ES cells is very robust, particularly in serum-free medium, in which ES cells rapidly downregulate pluripotencyassociated genes and upregulate proneural and neurogenic genes (Zhang et . Significantly, the growth and differentiation properties of ES-NPCs change with time in a strictly regulated manner (figure 5a). It is striking that the developmental plasticity of ES-NPCs closely follows that of endogenous neural development. Neural differentiation in serum-free conditions is dependent on autocrine FGF signalling and generates a population of SOX1-positive NPCs (Ying et al. 2003; Bouhon et al. 2005) . By limiting potential extrinsic cues, ES-NPCs default to express markers characteristic of the anterior neural plate (e.g. OTX1/2, PAX6; Watanabe et al. 2005) ; however, at early stages, these cells are fully competent to respond to extrinsic developmental cues, and they can be manipulated accordingly to derive cells that express gene profiles which reflect distinct rostrocaudal and dorsoventral neural identities. Such a strategy of directed differentiation, based on an applied developmental biology of neural patterning, has been used to derive a number of specific neural lineages, including motor neurons, midbrain-like dopaminergic neurons, hypothalamic dopamine neurons and retinal ganglion neurons (Kim et al. 2002; Wichterle et al. 2002; Ikeda et al. 2005; Ohyama et al. 2005) . However, like the situation discussed above ( §3) for patterning neural progenitors in vivo, the responsiveness of ES-NPCs is also temporally restricted. Mouse ES-NPCs can be systematically patterned in their first 4-8 days of culture, as exemplified in figure 5b ; however, later cultures, given the same treatments between days 16 and 20, are nonresponsive and instead adopt a more constitutive pattern of gene expression (Bouhon et al. 2006 ). In human cultures, the responsiveness and potential of ES-NPCs for directed differentiation is similarly temporally regulated .
The mechanisms that limit the temporal responsiveness of cells to patterning cues are unknown. Given the apparent recapitulation of developmental mechanisms in ES cultures, one possibility is that early cell fates are maintained by similar mechanisms, for example involving programming by TLE co-repressor activity. In this regard, it is interesting to note that TLE expression is temporally regulated during ES-NPC development (N. D. Allen 2004, unpublished observations). Since extrinsic cues conferred by the spatial organization and interaction of cells that are otherwise present in vivo are not present in vitro, the tight temporal control over patterning seen in ES cell cultures suggests that programming is very much an intrinsic property of cells. Nevertheless, some extrinsic signals are present and may be important.
Developmental progression of mouse ES-NPCs also recapitulates the temporal regulation of gliogenesis that is seen in vivo and in foetal primary cell cultures. Early ES-NPCs are highly neurogenic, generating more than 90% differentiated b-tubulinIII-positive neurons, and only later-passaged cultures generate astrocytes or oligodendrocytes. Taga and colleagues have analysed the competence of ES-NPCs for gliogenesis, and showed that cells acquire responsiveness to LIF and STAT activated gliogenesis only in later-stage cultures (more than 14-18 days after initiating neural differentiation). Furthermore, as with primary foetal cultures, the onset of gliogenesis coincided with CpG demethylation of STAT-binding sites in the GFAP promoter. In ES cells and early ES-NPCs, and also non-neural cell types, the GFAP promoter was hypermethylated (Shimozaki et al. 2005) . Human cultures show a similar pattern of temporal change in gliogenic competence, although compared with mouse cultures, the timecourse of events is much more protracted (Itsykson et al. 2005) .
ROLES FOR FGF2 AND EGF IN SHAPING DEVELOPMENTAL COMPETENCE
A recurring theme for temporal regulation of NPC fate, from both in vivo and in vitro studies, is the role played by FGF and EGF signalling (Ciccolini & Svendsen 1998; Tropepe et al. 1999; Lillien & Raphael 2000; Qian et al. 2000; Ciccolini 2001; Sun et al. 2005) . Culture of early mouse ES-NPCs, like their embryonic counterparts, is dependent on FGF2; however, FGF2 alone is unable to sustain cultures for much more than 20 days, at which point proliferation starts to decline and cell death ensues. EGF receptor (EGFR) expression and EGF responsiveness are only acquired in later-stage cultures and are dependent on the prior FGF signalling. Interestingly, the temporal upregulation of EGFRs coincides with the time at which responsiveness to patterning cues is lost and with the transition to glial competence. FGF2 and EGF both signal through receptor tyrosine kinases (RTKs) and activate similar intracellular signalling pathways; however, their roles in NPC proliferation and fate determination are clearly distinct. The outcome of RTK signalling is influenced by many parameters (Yarden 2001; Jorissen et al. 2003) . Phosphorylated tyrosine of activated receptors serves as docking sites for Src homology 2 (SH2) and phosphotyrosinebinding domain effector and adaptor proteins. A recent proteomic study of EGFR and related ErbB family members has revealed an extensive network of potential protein interactions, with varying affinity thresholds, and suggests a greater complexity in cell responses than hitherto suspected ( Jones et al. 2005) . Although there is currently little information about the downstream targets of FGF and EGF signalling during neural development, especially at different times during lineage progression, both signals activate pathways that can regulate gene expression directly and indirectly via chromatin modification. For EGFR, activation leads to the sequential phosphorylation of mitogen activated protein (MAP) kinases and effector kinases, such as RSK2. Following translocation to the nucleus, effector kinases regulate transcription by phosphorylating transcription factors and, in addition, have been shown to modify chromatin by phosphorylation of H3 histone tails, which then enhances their efficiency of acetylation by HAT complexes (Cheung et al. 2000) .
Unlike FGF2, EGF is essential for the long-term propagation of ES-derived NPCs. Indeed, EGF promotes the selection of a late-stage EGF-responsive cell type, which is distinct in character and potential from the earlier neurogenic and patterning-responsive NPCs. Conti and co-workers have shown that EGF is sufficient to maintain long-term culture via continued symmetric self-renewal of cells initially derived from FGF2-propagated ES-NPCs and also from primary foetal and human neurosphere cultures (Conti et al. 2005) . The phenotypic properties of these cells are distinct from those present in early-stage cultures. The so-called 'NS' cells share many properties with proliferative radial glia that have been identified in vivo as neural stem cells (Merkle et al. 2004; Gotz & Barde 2005) . NS cells are a homogenous population of cells that express a panel of radial glial markers, including RC2, GLAST and BLBP; however, they also co-express a number of genes, such as Pax6, Emx2, Olig2 and Ascl1, that are not normally co-expressed in vivo, and this suggests a certain level of gene dysregulation (Conti et al. 2005) .
The differential actions of FGF2 and EGF on NPC proliferation or NS cell self-renewal have not been defined. Part of the change in dependence of cells from FGF to EGF may be related to control of cell cycle regulators. p16
INK4a and p19 ARF are two tumour suppressors encoded by the Ink/Arf locus and function as negative regulators of cell proliferation by promoting activation of the Rb and p53 pathways (Lowe & Sherr 2003) . In contrast, loss or repression of p16
INK4a / p19 ARF is associated with enhanced proliferation, including stem cell self-renewal. Furthermore, mutations in p16
INK4a and p19 ARF , together with EGFR activation, are hallmarks of developing gliomas (Bachoo et al. 2002) . Repression of the Ink/Arf locus and consequent promotion of stem cell self-renewal are critically dependent on repression mediated by the Polycomb group (PcG) protein BMI1. In Bmi1 null mice, there is a gradual depletion of the stem cell pool that leads to defects in adult neurogenesis (Molofsky et al. 2003) , and these defects can be partially rescued in mice that are doubly mutant for Bmi1 and Ink/Arf (Bruggeman et al. 2005; Molofsky et al. 2005) .
POTENTIAL FOR EPIGENETIC REPROGRAMMING AND ENHANCEMENT OF NEURAL POTENTIAL
From the viewpoint of regenerative medicine and stem cell therapeutics, there is considerable interest in strategies that might promote reprogramming to enhance or expand the developmental potential of neural progenitor populations, especially endogenous populations present in vivo. Studies on reprogramming are in their infancy; nevertheless, some progress has been made. Different approaches to reprogramming can be considered and include physiological, pharmacological and genetic strategies.
Currently, the best-characterized example of reprogramming by a physiological means is the reversion of OPCs back to 'neural stem-like cells' (NSLCs) by treatment with FGF2 (Kondo & Raff 2000) . Following foetal neurogenesis, neural progenitor cells proliferate as glial-restricted precursors, generating astrocytes and oligodendrocytes. OPCs harvested and cultured from the rat postnatal optic nerve (Barres & Raff 1994) have been established as a well-characterized lineagerestricted cell model to study mechanisms of fate determination and differentiation. OPCs proliferate in response to PDGF and can be induced to differentiate into either oligodendrocytes or type-2 astrocytes (2As) by treatment with thyroid hormone or bone morphogenetic proteins (BMPs), respectively (Mabie et al. 1997) . Although the natural fate of OPCs is to become glia, Kondo & Raff (2000) found that treatment of OPC-derived type-2 astrocytes with FGF2 led to cell reprogramming, to derive cells with neural stem celllike properties (NSCLs), that could self-renew and, most importantly, could be differentiated to derive neurons and type-1 astrocytes, in addition to oligodendrocytes and 2As. The reprogramming from OPC to NSCL is a multistep process, with BMP treatment and transition through the 2A being a necessary intermediate for responsiveness to the FGF2 signal. A key event is the BMP-dependent re-expression of the SoxB1 gene Sox2 in the type-2 astrocyte, and it is relevant, as there is increasing evidence for an essential role for SoxB1 genes for the maintenance of neural stem cells (Zappone et al. 2000; Bylund et al. 2003; Graham et al. 2003) . Sox2 expression is repressed in OPCs, with H3 histones at the enhancer region being in an inactive form, H3K9 being methylated and unacetylated and H3K4 being unmethylated, while in the 2As, the histone H3 modification pattern is switched to an 'active' pattern. The mechanism by which BMP2 initiates this reprogramming is not known; however, it does involve chromatin remodelling by recruitment to the Sox2 promoter/enhancer region of the BRCA1-and BRM-containing SWI/SNF chromatin-remodelling complexes to reactivate the locus (Kondo & Raff 2004) .
A second example of dedifferentiation within the neural lineage has been recognized by examination of glioblastomas. A hallmark of glioblastoma is the uncontrolled proliferation of cells with an immature astrocytic phenotype: genetically tumours are most frequently associated with EGFR activation and null mutations in the p16
INK4a and p19 ARF genes. Analysis of neural stem cell cultures from p16
INK4a /p19 ARF K/K showed that EGF responsiveness and proliferation were no different from wild-type cultures; however, when the growth of primary astrocyte cultures was examined, a significant phenotype was seen. Wild-type astrocyte cultures have limited growth potential, as cells begin to senesce after five to seven population doublings. However, p19/p16 null cells exhibit immortal cell growth, and furthermore, in response to EGF, astrocytes show a rapid dedifferentiation. Cells contract their cytoplasms, adopt a bipolar morphology and then detach from the culture dish and grow as substrateindependent aggregates, similarly to neurospheres. Dedifferentiation is suggested by the fact that cells lose their GFAP expression and re-express neural progenitor markers nestin and A2B5. Furthermore, some of these cells could be induced to undergo neural differentiation upon plating (Bachoo et al. 2002) .
A third potential example of reprogramming, although less well characterized, is the neural differentiation of NS cells. NS cells self-renew in the presence of EGF and, upon growth factor withdrawal, they differentiate into astrocytes (Conti et al. 2005) . However, if EGF is first withdrawn and differentiation is initiated in the continued presence of FGF2, then astrocyte differentiation is prevented and approximately 35% of cells undergo neurogenesis, yet these cultures differentiate into astrocytes if initiated in the presence of serum or BMP4. Although the mechanisms of NS cell neurogenesis need to be determined, there is a clear requirement for FGF signalling in the absence of EGF to 'prime' or reprogramme cells for neural competence, suggesting possible parallels to the role of FGF in OPC reprogramming discussed previously.
Other examples of enhanced potency by culture in FGF or EGF include induced ventral character and multipotency of dorsal spinal cord cultures when exposed to FGF2 in vitro (Chandran et al. 2003; Gabay et al. 2003) , and include the conversion of restricted neuronal progenitors (type C cells) from the adult subventricular zone to multipotent stem cells as a response to EGF (Doetsch et al. 2002) .
STRATEGIES FOR DIRECTED REPROGRAMMING OF NEURAL CELLS
The aforementioned examples demonstrate dedifferentiation or reprogramming of cells towards earlier more potent progenitor states, which occurs in response to specific extrinsic cues or, in the case of glioblastoma, genetic change. It would seem reasonable that understanding, and then systematic reversal, of the pathways that lead to lineage restriction in normal development would enable more directed reprogramming of neural cells.
Reagents that affect chromatin structure either directly or indirectly are of particular interest to cell reprogramming. It is widely recognized that dysregulation of genes involved in tumorigenesis and tumour progression is associated with epigenetic changes. Consequently, there is currently a significant interest and effort in the identification of drugs that target enzymes involved in epigenetic programming, such as DNMTs, HDACs and HMTs (Kristeleit et al. 2004; Villar-Garea & Esteller 2004; Lyko & Brown 2005) . Once these tools become available, testing their use in the context of cell reprogramming within the neural lineage will be of particular interest.
At present, only a few systematic studies on cell fate using currently available drugs have been reported, and have focused on the effects of HDAC inhibitors. Hseih and colleagues showed that valproic acid (VPA), an HDAC inhibitor, promoted the neuronal differentiation of adult hippocampal neural progenitors and inhibited astrocyte and oligodendrocyte differentiation, even in conditions that favoured gliogenesis. Although VPA might alter the expression of many genes, one target gene identified with a major neurogenic influence was the transcription factor, NeuroD (Hsieh et al. 2004) . In separate studies, Casaccia-Bonnefil and colleagues had shown that oligodendrocyte lineage progression was dependent on HDAC activity (Marin-Husstege et al. 2002) and determined that VPA affected the timing of progenitor cell differentiation into myelin-forming oligodendrocytes in vivo (Shen et al. 2005) . Postnatal administration of VPA resulted in significant hypomyelination in the developing corpus callosum with delayed expression of late differentiation markers and retained expression of progenitor markers. Interestingly, HDAC inhibition by VPA after the onset of myelination had no effect on myelin gene expression, and was consistent with further changes to nucleosomal histones from a state of reversible deacetylation to a more stable repressed state characterized by histone methylation and chromatin compaction.
The shortcoming of drugs such as HDAC, HMT or DNMT inhibitors is their general lack of specificity. Drugs such as VPA would have widespread effects on histone deacetylation across the genome, and are likely to have global effects of shifting inactive or poised chromatin towards more active states. This may be sufficient in some instances to trigger or promote reprogramming events; however, more directed reprogramming is likely to require further manipulation of specific targets of extrinsic cues. First, in contrast to drug action, specificity for the majority of potential targets could be achieved using RNA interference (RNAi) to knockdown gene expression. Importantly, advances in RNAi technology have established libraries of vectors with extensive genome coverage, thereby establishing the ability to conduct screens for gene knockdowns that might promote reprogramming or enhance developmental plasticity (Dykxhoorn & Lieberman 2005; Silva et al. 2005) . Second, a better understanding of signalling pathways that regulate chromatin structure might facilitate reprogramming; for example, Paro and colleagues have found that cell reprogramming during the process of transdetermination in Drosophila involves downregulation of PcG protein function, and this is directly controlled by the activation of the Jun aminoterminal kinase (JNK) signalling pathway in the cells undergoing regeneration (Lee et al. 2005) . Moreover, this interaction is conserved in mammalian cells, suggesting that a role for JNK signalling in remodelling cellular fates might be conserved. Systematic manipulation of signalling pathways that modulate chromatin structure may provide more physiological routes to reprogramming and enhancing progenitor cell plasticity.
